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We have morphologically characterized Candida tropicalis isolates resistant to amphotericin B (AmB). These isolates present an
enlarged cell wall compared to isolates of regular susceptibility. This correlated with higher levels of �-1,3-glucan in the cell wall
but not with detectable changes in chitin content. In line with this, AmB-resistant strains showed reduced susceptibility to
Congo red. Moreover, mitogen-activated protein kinases (MAPKs) involved in cell integrity were already activated during regu-
lar growth in these strains. Finally, we investigated the response elicited by human blood cells and found that AmB-resistant
strains induced a stronger proinflammatory response than susceptible strains. In agreement, AmB-resistant strains also induced
stronger melanization of Galleria mellonella larvae, indicating that the effect of alterations of the cell wall on the immune re-
sponse is conserved in different types of hosts. Our results suggest that resistance to AmB is associated with pleiotropic mecha-
nisms that might have important consequences, not only for the efficacy of the treatment but also for the immune response elic-
ited by the host.

Amphotericin B (AmB) is a widely used antifungal drug that
presents strong killing activity against fungi after binding to

ergosterol. Classically, it has been described that AmB induced cell
death by forming pores at the level of the cell membrane (1, 2).
However, recent findings suggest that AmB elicits its fungicidal
effect through multiple mechanisms. In this sense, AmB induces
ergosterol sequestration, which causes alterations in the cell mem-
brane that result in killing of the cells (3, 4). In addition, AmB
induces a significant accumulation of reactive oxygen species
(ROS), which has been correlated with cell damage, apoptosis
induction, and death (5–9).

Resistance to AmB is a complex process, and multiple mecha-
nisms have been described to be responsible for it. Lack of ergos-
terol at the cell membrane has been frequently correlated with
reduced susceptibility to AmB (10–14). However, there are also
some cases in which resistance to AmB can occur in cells with
normal ergosterol content (15, 16). Aspergillus terreus, which is a
mold that presents reduced susceptibility to AmB, contains simi-
lar ergosterol content to Aspergillus fumigatus, which is fully sus-
ceptible to this antifungal. In this case, increase in catalase and
reduction of ROS production have been associated with increased
resistance to AmB (17). Moreover, mechanisms that protect
against the production of ROS also confer reduced susceptibility
to AmB (6, 9). These results indicate that AmB exerts multiple
responses in the cells and that resistance to this antifungal can be
acquired by different mechanisms.

The correlation between the cell wall and resistance to AmB has
been poorly described. A relationship between resistance to AmB
and changes in the cell wall has been observed in different fungi
(18–20), although it is not known to what extent changes in the
cell wall contribute to amphotericin B resistance.

We have previously characterized Candida tropicalis strains re-

sistant to AmB that have increased catalase activity, changes in
mitochondrial potential, growth delay, and low accumulation of
ROS and are deficient in ergosterol synthesis (9, 21). In the present
work, we extended these findings and describe that AmB-resistant
strains also present an enlarged cell wall. Interestingly, these
changes correlate with increased detection of wall �-1,3-glucans
in AmB-resistant strains of yeast and with increased immune ac-
tivation compared to susceptible isolates. Our results highlight a
new aspect of the resistance to AmB and also suggest that the
appearance of resistant strains during infection might interfere
with the regular immune response elicited by the host.

MATERIALS AND METHODS
Strains and growth conditions. The following C. tropicalis strains resis-
tant to AmB were used in this work: ATCC 200956 and CL-6835 (from the
yeast collection of the Mycology Reference Laboratory of the Spanish
National Centre for Microbiology). The MIC values reported for these
strains to AmB and fluconazole were 2 and �64 mg/liter, respectively
(following the EUCAST antifungal susceptibility testing method [9, 21]).
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In addition, as susceptible isolates, the strains ATCC 750, CL-7099, CL-
7119, and CL-7869 were used (MIC values to AmB and fluconazole of 0.25
and 0.5 mg/liter, respectively). Also a strain resistant to azoles but not to
AmB was included (TP-13650) (21) (MIC values to AmB and fluconazole
of 0.25 and �64 mg/liter, respectively). The strains were grown in liquid
Sabouraud medium (Oxoid, Ltd., Basingstoke, Hampshire, England) or
yeast extract-peptone-dextrose (YEPD) medium at 30°C with moderate
shaking (150 rpm).

TEM. For ultrastructural analysis by transmission electron micros-
copy (TEM), wild-type and AmB-resistant C. tropicalis strains (3 � 108

cells in the exponential growth phase) were chemically fixed in 0.1 M
Na2HPO4 (pH 7.4), 2% glutaraldehyde, and 4% p-formaldehyde for 2 h at
4°C. Cells were washed three times in Na2HPO4 buffer and postfixed with
1% potassium permanganate for 1 h at 4°C, 0.15% tannic acid for 1 min at
room temperature, and 2% uranyl acetate for 1 h at room temperature.
Dehydration was carried out in increasing concentrations of ethanol (50,
75, 90, 95, and 100%) for 10 min at 4°C. Infiltration was done at room
temperature using increasing concentrations of epoxy resin (25, 50, 75,
and 100%), and polymerization was performed at 60°C for 48 h. Ultrathin
sections (50 to 70 nm) were obtained with an RMC MT6000_XL ultrami-
crotome and stained following standard procedures with saturated uranyl
acetate and 2% lead citrate. Images were recorded on a 1k Gatan charge-
coupled device (CCD) camera with a Tecnai 12 FEI microscope operated
at 120 kV.

The cell wall thickness was determined measuring its width in at least
20 cells from each strain using Adobe Photoshop software (San Jose, CA).
Then the volumes of the yeast cell and the cell wall were calculated by
applying the formula for determining the volume of ellipsoidal structures,
V � (�/6) � b2a, where b corresponds to the length of the organelle and
a to its width (22).

Detection of �-1,3-glucan at the cell wall by immunofluorescence.
The cell wall content of �-1,3-glucans was estimated by an indirect im-
munofluorescence assay with monoclonal antibodies against this polysac-
charide (23, 24). Detection was performed on heat-treated cells, since this
process has been reported to increase the exposure of �-glucans on the
surface (25–28). Briefly, a cell suspension of 108 yeast cells/ml was incu-
bated in boiling water for 30 min and fixed with 4% p-formaldehyde at
room temperature for 40 min and washed with phosphate-buffered saline
(PBS). The cells were then suspended in PBS containing 1% bovine serum
albumin (BSA [Sigma-Aldrich]) for 30 min and incubated with 5 �g/ml of
mouse IgG monoclonal antibody against �-1,3-glucans (Biosupplies Aus-
tralia Pty., Ltd., Bundoora, Victoria, Australia) for 1 h at 37°C. The cells
were then washed with PBS plus BSA three times and incubated with 10
�g/ml of goat anti mouse IgG conjugated to Alexa 488 (Invitrogen) for 1
h at 37°C in darkness. Finally, samples were washed with PBS and were
visualized under a fluorescence microscope Leica DMI 3000B. Pictures
were taken with a DFC300FX digital camera using the LAS AF software
(Leica Microsystems). The fluorescence intensity was quantified using the
ImageJ software (http://rsb.info.nih.gov/ij) in at least 20 cells for each
strain.

Estimation of chitin content in the cell wall. The yeast cells were
collected after overnight growth in Sabouraud, and the cultures were fil-
tered to discard clumps and washed with PBS. The inocula were prepared
at 107 yeast cells/ml. Yeast cells were fixed with p-formaldehyde (4%) for
40 min and stained with calcofluor white (CFW) at a concentration of 10
mg/liter (Sigma-Aldrich, St. Louis, MO) at 37°C for 30 min and washed
twice with PBS before being examined. The chitin content was estimated
by flow cytometry using a FACSAria cytometer (Becton Dickinson) with
an excitation maximum of 405 nm and emission maximum of 440 nm.
Chitin content was also estimated using a Cary Eclipse fluorescence spec-
trophotometer (Varian) at an excitation maximum of 400 nm and emis-
sion maximum of 490 nm. In all cases, unstained cells were included as
controls.

Susceptibility to Congo red. The susceptibility of the strains to the
cell-wall-disturbing agent Congo red was evaluated by observing the

growth on solid medium. Congo red (Sigma) binds to the cell wall and
alters its structure, which results in inhibition of yeast replication (29).
Spots of 5 �l containing 105, 104, 103, or 102 yeast cells from each strain
were cultivated on Sabouraud medium supplemented with different con-
centrations of Congo red (200, 150, 100, or 50 �g/ml) and incubated at 30
or 37°C. Pictures of the plates were taken every 24 h with a Nikon digital
camera using a macro lens.

Protein extracts and immunoblot assays. For Western blot assays,
exponentially growing cultures in YEPD medium at 37°C with moderate
shaking were treated with 5 mg/liter tunicamycin (Sigma) for 60 min or 1
mg/liter AmB for 60 and 120 min. The procedures employed for cell
collection, cell lysis, protein extraction, fractionation by SDS-polyacryl-
amide gel electrophoresis (PAGE), and transfer to nitrocellulose mem-
branes have been described previously (30, 31). Anti-phospho-p44/p42
mitogen-activated protein kinase (MAPK) (Thr202 Tyr204) antibody (New
England BioLabs) was used to detect dually phosphorylated Mkc1 and
Cek1 MAPKs (indicated as “Phospho-Mkc1” and “Phospho-Cek1” in the
figures); phospho-p38 MAPK (Thr180 Tyr182) 28B10 monoclonal anti-
body (Cell Signaling Technology, Inc.) was used to detect the phosphor-
ylated Hog1 (indicated as “Phospho-Hog1” in the figures). Saccharomyces
cerevisiae Hog1 (ScHog1) polyclonal antibody (Santa Cruz Biotechnol-
ogy) was used to detect C. tropicalis Hog1 protein homologues. Western
blots were developed according to the manufacturer’s instructions using
the Hybond ECL (enhanced chemiluminescence) kit (Amersham Phar-
macia Biotech). To equalize the amount of protein loaded in each lane,
similar amounts of protein (determined by the absorbance of the sample
at 280 nm) were loaded on SDS-PAGE gels and stained with Coomassie
blue.

Cytokine stimulation in human PBMCs. Samples of blood from 15
healthy volunteers were analyzed anonymously. Buffy coats from blood
were obtained from the Sanquin Biobank Nijmegen, after written consent
was given by the healthy volunteers. Peripheral blood mononuclear cells
(PBMCs) were isolated by density centrifugation of PBS-diluted blood
(dilution 1:1) over a Ficoll-Opaque Plus gradient (GE Healthcare).
PBMCs were washed three times with sterile cold PBS. For stimulation
experiments, a total of 5 � 105 cells/well were plated in round-bottom
96-well plates (Greiner Bio-One) suspended in RPMI 1640 culture me-
dium supplemented with 1% gentamicin, 1% pyruvate, and 1% L-glu-
tamine. For PBMC stimulation, yeast cells were grown in Sabouraud me-
dium as described above and fixed with 4% p-formaldehyde for 40 min at
room temperature. Thereafter, the yeast cells were washed in sterile PBS
twice and suspended in the same buffer. Stimulation experiment was per-
formed with two different PBMC/yeast ratios (1:2 and 1:20). The cells
were incubated at 37°C with 5% CO2, and cytokine concentrations were
determined in the supernatants after 1 and 7 days. All of the cytokine
concentrations were measured by enzyme-linked immunosorbent assay
(ELISA) using commercial kits. To determine interleukin-1� (IL-1�),
tumor necrosis factor alpha (TNF-�), IL-17, interleukin-1 receptor a (IL-
1Ra), and IL-2, we used an ELISA kit from R&D Systems (Abingdon,
United Kingdom), and for IL-10, IL-6, and gamma interferon (IFN-	), we
used an ELISA kit from Sanquin (Amsterdam, The Netherlands).

Effect of yeast cells on Galleria mellonella response. The differential
immune responses of G. mellonella to infection by strains with different
AmB susceptibility profiles were evaluated by measuring larval melaniza-
tion according to the methodology described in reference 32. Groups of 10
larvae were infected with three different inoculum concentrations (106,
2 � 106, or 4 � 106 yeast cells/larva [see the video at https://www.youtube
.com/watch?v�2XEu_5aF1qk]). In addition, a control group inoculated
with PBS-ampicillin was included. After 1 h of incubation at 37°C, the
hemolymph was obtained by an apical incision in each larva with a sterile
scalpel. Hemolymph was diluted 10 times in cold PBS and immediately
centrifuged at 12,000 rpm to remove cellular debris. Finally, the optical
density at 405 nm (OD405) was determined on an MRX-Dynex Technologies
spectrophotometer (Worthing, United Kingdom) to evaluate the melanin
content in the hemolymph.
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Statistical analyses. The nonparametric Kruskal-Wallis test and
Dunn’s multiple comparison test were used to evaluate the differences
between AmB-sensitive and -resistant strains regarding three parameters:
cell wall thickness, cell volume, and mean fluorescent intensity (MFI) of
�-glucan content. Results obtained in the human PBMC stimulation were
analyzed by one-way analysis of variance (ANOVA) and the Bonferroni
test. All statistical analyses were carried out with the GraphPad Prism 5,
and P values of 
0.05 were considered significant.

RESULTS
Structure of the cell wall study by TEM. In a previous study, we
characterized the resistance mechanisms of different C. tropicalis
strains to AmB (9, 21). In particular, these strains were resistant to
AmB and azoles due to mutations in ERG genes and presented lack
of ergosterol and increased tolerance to ROS. During these stud-
ies, we observed that resistance was associated with pleiotropic
changes, some of them involving the cell wall. Since this structure
is important for the stability of the cell and for the recognition by
the immune system, we decided to characterize this phenotype in
detail.

As a first approach, we performed TEM to observe the struc-
ture of the cell wall. We found that in strains resistant to AmB,
there were a high proportion of cells with a thickened cell wall. As
shown in Fig. 1, the cell wall of AmB-susceptible strains was com-
posed of two main layers that had different electron densities. In
contrast, in the two AmB-resistant isolates, a significant propor-
tion of cells presented an abnormally enlarged cell wall. Since
these strains showed resistance to AmB and azoles, we decided to
investigate whether these changes were present also in azole-resis-
tant (but not AmB-resistant) strains. For this purpose, we used
strain TP-13650. This strain presented a normal cell wall thickness
(Fig. 1), indicating that changes in cell wall composition corre-
lated with reduced susceptibility to AmB but not to azoles. We

measured the thickness of the cell wall and confirmed that in
AmB-resistant strains the width of the cell wall was statistically
significantly thicker (P 
 0.05) (Fig. 2A). We also calculated the
volume of the cell wall and found that the percentage of the vol-
ume of the wall compared to the total volume of the cell was
significantly (P 
 0.05) higher in the yeast cells from AmB-resis-
tant strains (Fig. 2B).

Estimation of the contents of �-1,3-glucans and chitin. We
studied by fluorescence microscopy if the amount of �-1,3-glu-
can, which is one of the main structural components of the cell
wall, was altered in cells from AmB-resistant strains. In regular
cells, �-1,3-glucans are distributed through the cell wall but are
mainly exposed at the bud scars. For this reason, antibodies
against this polysaccharide show low binding at the surface of
regular untreated cells. However, several circumstances, such as
heat treatment of the cells or during infection, expose this poly-
saccharide and allow stronger binding of the antibodies (33). As
shown in Fig. 3, binding of the antibody produced a stronger
fluorescent signal in the two AmB-resistant strains, suggesting
that the total content of this polysaccharide is higher in these
strains. We quantified the intensity of the fluorescent signal, and
as shown in Fig. 3F, estimated that AmB-resistant strains pre-
sented an increase of 2- to 3-fold in the amount of �-1,3-glucans.
We also tried to quantify the content of chitin by staining with
calcofluor white and detection of the fluorescence signal by flow
cytometry. However, in contrast to what was observed with the
�-1,3-glucan, we found no relationship between the content of
chitin and resistance to AmB (data not shown).

Susceptibility to Congo red. Changes in the cell wall can result
in differences in the susceptibility to agents that bind and alter the
structure of the cell wall, such as Congo red. For this reason, we
investigated if AmB-resistant strains had different susceptibilities

FIG 1 Electron microscopy of ultrathin sections from C. tropicalis strains with different antifungal susceptibility profiles. Shown are representative fields of yeast
cell wall from strains ATCC 750 (A), CL-7099 (B), CL-7119 (C), TP13650 (D), CL-6835 (E), and ATCC 200956 (F). In each panel, a picture of the whole cell (left
part) and a magnification of the cell wall (right part) are shown. The scale bars correspond to 0.2 �m.
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to this dye. AmB-resistant strains showed slower growth in regular
solid medium compared to AmB-susceptible strains, which is in
agreement with previous findings of our group (9). All strains,
independently of their susceptibility profile, were sensitive to the
highest concentrations of Congo red assayed (150 and 200 �g/ml)
at 30 and 37°C. Nevertheless, the two strains resistant to AmB
(CL-6835 and ATCC 200956) showed enhanced growth in Congo
red at 50 and 100 �g/ml at both temperatures (30 and 37°C), this
phenotype being more evident at 100 �g/ml at 37°C (Fig. 4A)
(data not shown), and in particular, for strain ATCC 200956.
These results suggest that changes at the cell wall of AmB-resistant

strains promote increased or reduced resistance to agents that
alter its structure.

Cytokine stimulation in human PBMCs. Since the cell wall
contains the most important structures recognized by the im-
mune cells and because the relative abundances of the various cell
wall polysaccharides differ in strains resistant to AmB, we investi-
gated if AmB-resistant isolates induce a different response in hu-
man PBMCs. For this experiment, we isolated PBMCs from
healthy blood donors and exposed them to different C. tropicalis
strains (previously fixed with p-formaldehyde) with different sus-
ceptibility profiles to antifungals at a 1:20 PBMC/yeast cell ratio.

FIG 2 Measurement of the cell wall thickness of AmB-resistant C. tropicalis strains. The width (A) and percentage of the volume of the cell wall relative to the
total volume of the cell (B) were calculated from the TEM images. The mean value and the standard deviation are plotted as bar graphs. Asterisks indicate
statistically significant difference (P 
 0.05) between each strain and the ATCC 750 strain. Gray bars correspond to the strain resistant to azoles and black bars
to the strains resistant to AmB.

FIG 3 Detection of �-1,3-glucans at the cell wall. Immunofluorescent detection of �-1,3-glucans in the cell wall of C. tropicalis strains ATCC 750 (A), CL-7099
(B), TP-13650 (C), CL-6835 (D), and ATCC 200956 (E) after heat treatment. The right panel corresponds to the same samples in a bright field. (F) Quantification
of the fluorescent signal obtained in the cells from panel A. Images were processed with ImageJ, and the quantification of the fluorescent signal was obtained as
arbitrary units in each case. Asterisks indicate statistically significant difference (P 
 0.05) between each strain and the ATCC 750 strain.
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After 1 or 7 days of incubation, we measured the levels of produc-
tion of different cytokines. We found that AmB-resistant strains
induced higher production of cytokines by PBMCs than AmB-
susceptible isolates (Fig. 5), this phenotype being more noticeable
for strain ATCC 200956. The only exceptions were the anti-in-
flammatory cytokine IL-4 and the proinflammatory cytokine

IL-6. In these two cases, we did not find differences in the amount
of cytokines produced by PBMCs exposed to different yeast
strains (data not shown). The cytokine profile induced by the
azole-resistant strain TP-13650 was comparable to that of the sus-
ceptible strains, except for the anti-inflammatory cytokine IL-10
(Fig. 5C).

FIG 4 Growth of C. tropicalis strain in Congo red. Candida tropicalis strains with different susceptibility profiles were incubated overnight in Sabouraud liquid
medium, and after being washed with PBS, different amounts of cells were placed on Sabouraud medium plates or on the same plates containing Congo red (100
�g/ml). The plates were incubated at 37°C, and pictures were taken after 48 h.

FIG 5 Cytokines produced by PBMCs after exposure to C. tropicalis. PBMCs from healthy human donors were exposed to different C. tropicalis strains, and the
concentrations of IL-1� (A), TNF-� (B), IL-10 (C), IFN-	 (D), IL-22 (E), and IL-17 (F) in the supernatants were determined by ELISA after 24 h (IL-1�, TNF-�,
and IL-10) or 7 days (IFN-	, IL-22, and IL-17). Significant statistical differences (P 
 0.05) between AmB-resistant and AmB-susceptible strains are shown by
asterisks.
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Quantification of melanin production in Galleria mellonella
as an indicator of the immune response following infection with
C. tropicalis strains with different susceptibility profiles. Mela-
nin production in insects is a sign of early response to an infectious

agent or a foreign body (34). Therefore, we examined whether C.
tropicalis strains with different antifungal susceptibility profiles
induced this response when inoculated into G. mellonella larvae.
Candida tropicalis stimulated melanin production, which was de-
tected in larval hemolymph (35), but we found differences in the
kinetics of melanin production. AmB-resistant strains produced a
faster accumulation of melanin in larvae than AmB-susceptible
strains. The total amount of melanin found in the hemolymph was
also higher when larvae were infected with AmB-resistant isolates
(Fig. 6).

Western blots to detect kinase activation. The Cek1 and
Mkc1 MAPKs are activated following cell wall damage in C.
albicans (31, 36–39). In order to determine if the presumed
changes in cell wall correlated with an altered MAPK phos-
phorylation pattern, we analyzed their behavior under differ-
ent cell-wall-related stress conditions in these strains. Log-
phase cells at 37°C were treated for 1 h with tunicamycin (an
inhibitor of N-linked glycosylation). AmB-resistant strain
ATCC 200956 showed both Mkc1 and Hog1 MAPKs activated
under basal conditions—that is, even before the drug was
added (Fig. 7A). However, the activation of Cek1 observed in
the ATCC 750 strain was not detected in the rest of the strains
analyzed and it is remarkable that no phosphorylation was de-
tected in any of the MAPKs in the AmB-sensitive CL-7099
strain. We then examined the pattern upon AmB treatment (1
mg/liter). Again, under non-stress conditions AmB-resistant
strains showed significant Mkc1, Hog1, and Cek1 MAPK phos-
phorylation compared to the susceptible strains. AmB induced

FIG 6 Quantification of melanin in the hemolymph of G. mellonella larvae
infected with C. tropicalis. Galleria mellonella larvae were infected with 106, 2 �
106, or 4 � 106 C. tropicalis cells from strain ATCC 750 or ATCC 200956. The
larvae were incubated at 37°C, and after 1 h, the hemolymph was isolated and
melanin was estimated as described in Materials and Methods. The results
correspond to the average � standard deviation of the OD values obtained
from each larva in each group. The asterisks indicate significant differences
(P 
 0.05).

FIG 7 Activation of MAPKs in C. tropicalis strains by Western blotting. The activation of the Mkc1, Hog1, and Cek1 MAPKs was detected by Western blotting
in C. tropicalis strains with different susceptibility profiles. (A) Cells were grown in YEPD (left panel) and then exposed to tunicamycin (TM; 5 �g/ml [right
panel]). Western blotting was performed to detect the activated forms of Mkc1, Cek1, and Hog1 with specific MAbs. The detection of nonphosphorylated form
of Hog1 was used as a loading control. (B) The cells were grown as described above, but they were treated with AmB (1 �g/ml) for 60 or 120 min. Detection of
activated forms of the MAPs was performed as in panel A.
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phosphorylation of the three MAPKs in all the strains tested
except CL-7099 (AmB sensitive).

DISCUSSION

The action mechanism of AmB has been extensively studied. This
molecule binds to ergosterol and with lower affinity to cholesterol
and therefore has deleterious effects on many different types of
organisms. However, the mechanisms of action seem to be differ-
ent in different cells. For example, in mammalian cells, AmB tox-
icity does not seem to rely only on increasing the permeability of
the plasma membrane, since the antifungal is localized mainly in
internal vesicles (40, 41). This internal binding would mediate
toxicity by triggering endosomes and lysosomes to release their
content into the cytoplasm, which leads to cell damage. In con-
trast, in yeast cells AmB localizes mainly at the plasma membrane
(42), where it has various effects, such as pore formation and
ergosterol sequestration (reviewed in reference 43). However,
AmB has also intracellular effects, mainly due to an increase in the
production of ROS (5–9). It is therefore reasonable to believe that
this effect in yeast is mediated through signal transduction path-
ways that result in an accumulation of ROS. For these reasons,
resistance to AmB has been related to multiple mechanisms, such
as absence of ergosterol in the cell membrane, activation of anti-
oxidant mechanisms, and decrease in mitochondrial activity (6,
9–14, 17). Interestingly, petite mutants from Candida glabrata
show resistance to fluconazole but are more susceptible to AmB
(44), and this phenomenon has been related to a higher content of
free ergosterol in these mutants (45). In general, these data indi-
cate that tolerance to AmB is a complex phenomenon that might
require the presence of several resistant mechanisms concomi-
tantly. In this work, we provide further evidence that adds com-
plexity to the adaptation mechanisms to AmB, which involve
changes at the cell wall level.

The cell wall is an important structure for the growth of fungi
because it confers osmotic stability and protects against stress. In
addition, it is responsible for maintaining the shape of the cells.
From an immunological point of view, many of the cell wall com-
ponents such as �-glucans, chitin, and mannans are recognized by
the immune system (33, 46, 47). In particular, �-glucans are rec-
ognized by Dectin-1 and constitute one of the main pathogen-
associated molecular patterns (28, 48–50). Alterations of the cell
wall composition lead to the activation of integrity pathways that
result in activation of compensation mechanisms (51–53). The
pathways involved in cell wall rearrangements in C. tropicalis are
not known, but we describe in this work that AmB-resistant
strains present a basal level of activation of Mkc1, Hog1, and Cek1
MAPKs, supporting that these strains have alterations in the nor-
mal composition of the cell wall. Changes at the cell wall have been
related to alterations in the susceptibility to AmB. Therefore, we
hypothesize that the association between the susceptibility to
AmB and changes in the cell wall could provide a link between
antifungal resistance and immune response.

The mechanisms by which alterations at the cell wall influence
the susceptibility to AmB remain unknown, and several hypothe-
ses are possible. Removal of �-1,3-glucans results in decreased
resistance to AmB in C. albicans (54). It has also been suggested
that components of the fungal cell wall such as �-glucans may
physically interact with antifungals and inhibit penetration to the
site of action (18). These findings are consistent with our data.
Other reports have also suggested a correlation between AmB re-

sistance and cell wall changes (55). However, at the moment, it
cannot be discarded that the cell wall changes described in this
article do not directly participate in AmB resistance, and they
could be the result of a regulatory mechanism to compensate for
an abnormal fluidity of the membrane due to the lack of ergos-
terol. Previous work from our group has shown that ergosterol is
absent in the plasma membrane of the AmB-resistant strains used
in this work and that this defect is compensated for by accumula-
tion of other sterols (21). Since �-1,3-glucan synthase is located at
the cell membrane, changes in the functionality of this structure
could alter the activity of this enzyme. Until now, the lack of stan-
dardization of molecular biology tools for C. tropicalis has been a
limitation to fully understand the relationship between the cell
wall and AmB resistance.

The C. tropicalis strains described in this work also showed
changes in mitochondrial membrane potential and defects in res-
piration (9). Consistent with our results, an association between
mitochondrial alterations (specifically at the level of cytochrome
c), with functional and/or structural cell wall changes in the yeast
Kluyveromyces lactis has been described (56).

AmB-resistant strains elicited different immune responses
compared to AmB-susceptible isolates (Fig. 5 and 6). Since cell
wall elements are strong immunogens, we hypothesize that the
differential response elicited by leukocytes is due to the differences
at the cell wall. At the moment, the fungal components responsi-
ble for differential response elicited by PBMCs and G. mellonella
are unknown, but our results suggest a correlation between the
amount of �-glucans present in the yeasts and the host immune
response. �-Glucans are well known to possess significant and
wide biological and physiological activities, including antitumor,
antioxidant, anticoagulant, antifungal, and immunomodulatory
activities (57–60). These polysaccharides induce protective re-
sponses during infection (61, 62). Most of the biological studies on
the effects of glucans have focused on �-1,3-glucans (28, 63–67).
In agreement with these data, the increase of �-1,3-glucans in
AmB-resistant strains correlates with the enhanced response of
PBMCs exposed to these isolates. Interestingly, treatment with
cell-wall-perturbing agents also results in exposure of �-glucans
and differential induction of immune responses (24, 68, 69). Can-
dida albicans also increases the exposure of �-glucans during in-
fection (69), so it is reasonable to argue that cells with a higher
content of this polysaccharide will elicit stronger responses (70).
We have used an alternative infection model, the wax moth Gal-
leria mellonella, to confirm our results. In agreement with the in
vitro data, AmB-resistant strains also increased the production of
melanin by G. mellonella, which is one of the main immune re-
sponses of this lepidopteran (32, 71–73). Cryptococcus neofor-
mans, which does not contain �-glucans, does not induce
melanization of G. mellonella (72). Globally, our results are in
agreement with the fact that �-1,3-glucans prime the insect innate
immune system (74, 75).

Our work has important clinical implications because it pro-
vides a link between antimicrobial resistance and interaction with
the host. Resistance to antifungals is a major factor that deter-
mines the effectiveness of the antifungal treatments, but this work
also suggests that the immune response elicited is also different,
with unpredictable consequences. An exaggerated proinflamma-
tory response also has deleterious effects in the host (see the review
in reference 76), so an uncontrolled priming of the immune sys-
tem by AmB-resistant strains could contribute to the lack of re-
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sponse of the patients to the treatment. Antifungal resistance has
been also frequently associated with reduced fitness and virulence
(35, 77–79). For this reason, the full phenotypic characterization
of AmB-resistant isolates is needed to understand the clinical out-
come of the infection and to improve the treatment of the pa-
tients.
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